The sorption of Zn 2+ , Ni 2+ , Cd 2+ , Ca 2+ and Mg 2+ ions on to a mixed oxide of iron and silicon was found to increase with increasing temperature, concentration and pH of the system. The selectivity of this mixed oxide was Cd 2+ Zn 2+ Ni 2+ > Ca 2+ > Mg 2+ , indicating that the mixed oxide was more selective as an exchanger towards Cd 2+ ions relative to its components, SiO 2 and Fe(OH) 3 . The sorption data fitted the linear forms of the Kurbatov and Langmuir adsorption equations. The sorption of metal cations was accompanied by the release of H + ions to the bulk phase. On average 1 mol H + was released for every cation sorbed. The values of the binding constants were used to estimate the apparent thermodynamic parameters, DH and DS. The phenomenon of enthalpy/entropy compensation showed that the adsorption of metal ions by the mixed oxide occurred typically through a cation-exchange mechanism.
INTRODUCTION
Oxides of iron, aluminium and silicon are known to possess pH-dependent surface charges when in contact with aqueous solutions. Oxides of silicon are generally negatively charged, while those of aluminium and iron exhibit amphoteric properties since they carry both positive and negative charges depending upon the pH, temperature, background electrolyte concentration, and the nature of the cations and anions present in the aqueous solution (Schindler 1981; Monticone et al. 2000; Aronson et al. 2000; Marmier et al. 1999a,b) . Their amphoteric nature arises from the surface hydroxy groups with the surface charges on the oxides/hydrous oxides being developed according to the equations:
where S corresponds to the solid surface of Si, Al and Fe. The pH at which the net charge on the surface is zero is called the point of zero charge (PZC). At pH values above the PZC the hydrous oxide is negatively charged and sorbs cations from the aqueous solution, while at pH values below the PZC the surface is positively charged and sorbs anions from the aqueous solution.
The oxides of Al, Fe and Si can significantly influence the distribution, mobility and bio-availability of trace elements in the environment (Ridley et al. 1998 Scheckel and Spark 2000; Tamura et al. 1999; Stumm and Morgan 1981; Shoonen 1994; Stilling et al. 1995 ; Lutzenkirchen *Author to whom all correspondence should be addressed. E-mail: naeeem64@yahoo.com. 1997; Pederson and Pind 2000; Mustafa and Haq 1988) . However, in natural systems, either oxide is found in combination with other oxides/hydroxides which could lead to a modification of the surface and the adsorption properties of the oxide. The ion-sorption capacity could be altered by substituting the host metal ion in the hydrous oxide with a cation of lower or higher valency to give hydrous mixed oxides having either better cation-or anion-sorption characteristics, respectively (Mathur and Venkataramani 1999) . In the natural aquatic environment, reactions such as colloidal adhesion, co-precipitation, sequential precipitation, agglomeration, dissolution and adsorption are expected which result in mixed solids of unknown properties. Since they are different from the original pure solids, the bulk and surface properties of the mixed oxide play a fundamental role in determining the distribution of a variety of nutrients and pollutants in the environment.
A number of detailed studies regarding the surface properties of such oxides/hydroxides have appeared in the literature (Tanaka et al. 1999 (Tanaka et al. , 2000 Zachara et al. 2000; Zou and Shen 2000; Sanchez et al. 1999; Mustafa et al. 1993a Mustafa et al. , 1998 Berka and Banyal 1999; Randall et al. 1999; Tessier et al. 1996) . Recently, it has also been reported in great detail that the hydrous mixed oxides possess better anion-sorption properties (Mathur and Venkataramani 1999) . However, very little has been reported on the surface properties of mixed oxides/hydroxides when two or more of the oxides/hydroxides are present in the same solid.
In the view of the significance of mixed oxides, it is not surprising that much effort has been invested into the preparation of mixed oxides from a catalytic point of view, but the charge characteristics and sorption data of the mixed oxides have scarcely been documented. The purpose of the present work was, therefore, to investigate the sorption of Cd 2+ , Zn 2+ , Ni 2+ , Ca 2+ and Mg 2+ ions from aqueous electrolyte solutions by a mixed oxide of iron and silica.
EXPERIMENTAL

Reagents
Analytical grade reagents as supplied by Merck were used without further purification. Laboratory glassware was washed with nitric acid solution and then with doubly distilled and deionised water before use. All solutions were prepared with deionised water. The pH values of the suspensions were carefully adjusted using the requisite amount of NaOH or HNO 3 solutions.
Preparation and characterisation of the mixed oxide
The mixed oxide [0.5 M SiO 2 :0.5 M Fe(OH) 3 ] was prepared using the sequential precipitation process. Thus, Fe(OH) 3 was precipitated in a suspension of amorphous SiO 2 by dropwise addition of Fe(NO 3 ) 3 solution together with an equivalent amount of NaOH. The sample thus prepared was characterised by FT-IR spectroscopy, X-ray diffractometry, surface area measurement, point of zero charge (PZC) determination, TG/DTA studies and electron microprobe analysis. The method of preparation and characterisation was the same as that reported by us earlier (Mustafa et al. 2001) .
Sorption studies employing the mixed oxide
Solid samples (0.1 g) were dispersed in 40 ml of 0.1 M NaNO 3 containing the divalent metal ion in conical flasks. The pH values of the resulting suspensions were adjusted to 5.0 using standard NaOH or HNO 3 solution and the flasks were then stoppered. The suspensions were maintained for 24 h in a thermostatted end-to-end shaker bath (Labortechnic, type LE-209) fitted with clamps for 50 ml flasks. After such equilibration, the pH values of the suspensions were noted and re-adjusted to their initial values by the use of acids or bases whose volumes were noted. The suspensions were then centrifuged and the supernatants separated for analysis. The concentrations of metal ions in the supernatant were determined using a Perkin-Elmer model 3100 atomic absorption spectrophotometer. The amount of metal ion adsorbed was calculated from the difference between the initial and equilibrium concentrations obtained.
RESULTS AND DISCUSSION
Characterisation of mixed oxide
The specific surface area of the mixed oxide was found to be 200 m 2 /g which is of the same magnitude as reported in the literature for other mixed oxides (Anderson and Benjamin 1990a,b) . The X-ray diffraction spectrum of the mixed oxide dried at 378 K was found to be featureless, indicating that the sample was amorphous in nature. Electron probe microanalysis of the surface of the mixed oxide [0.5 M SiO 2 :0.5 M Fe(OH) 3 ] gave 0.61 M Fe and 0.50 M Si, corresponding to an Fe/Si ratio of 1.20. The scanning electron micrograph of the mixed oxide is shown in Figure 1 and indicates that the mixed oxide as synthesised lacked a definite morphology, exhibited an irregular shape and consisted of two distinct phases.
Sorption studies
Sorption isotherms were obtained for the mixed oxide by measuring the partitioning of metal ions between the mixed oxide and the solution phase over a wide range of concentration, nature of the metal cation, pH and temperature of the solution. The resultant isotherms for Ni 2+ , Zn 2+ , Cd 2+ , Ca 2+ and Mg 2+ ions on the mixed oxide are presented in Figures 2-5. The initial pH for the sorption studies was selected as 5.0 so as to minimise potential experimental complications arising from precipitation of the corresponding metal hydroxides.
The sorption isotherms of these metal ions obtained at different temperatures (303-323 K) all show a marked increase in sorption with increasing metal ion concentration in solution. Furthermore, as shown in Figure 6 , the extent of sorption for all the cations on the mixed oxide was much higher relative to the separate solid components, i.e., SiO 2 and Fe(OH) 3 . This may arise because the number of hydroxy groups/g adsorbent responsible for the uptake of the metal cations was much higher for the mixed oxide, as both SiOH and FeOH groups were present on the surface of the latter while the individual components had either SiOH or FeOH groups available.
The other reasons for the enhanced adsorption of the cations could be the sorption of silicates as a result of the dissolution of SiO 2 , as suggested by Sparks et al. (1995) , and to retardation in the formation of the crystalline form of the iron hydroxide, which has a lower number of OH groups relative to the amorphous variety. Similar results were obtained by Meng and Letterman (1993) who showed that the adsorption properties of oxide mixtures were determined by the interaction between the components and their relative amounts in the system.
Metal-ion sorption on the mixed oxide sample at different temperatures was also studied, with the corresponding results being shown in Figures 2-5. The increase in metal-ion sorption with temperature may be attributed to a decrease in the surface positive charge because of the lowering of its PZC and an increase in the number of neutral surface OH groups. The PZC of the mixed oxide was found to decrease from 9.73 to 9.27 when the temperature was increased from 293 K to 323 K. Similar adsorption behaviour with increasing temperature has also been observed by Anderson and Benjamin (1990a) for the component oxides SiO 2 and Fe(OH) 3 . These results conform to those for other oxide/hydroxides as reported in the literature (Anderson and Benjamin 1990b; Mustafa et al. 1993a) .
The adsorption of metal ions is known to be dependent upon the pH value of the suspension as a result of changes in both the speciation of the metal ions in solution and the surface charge on the adsorbent. Variable charge mineral surfaces such as those possessed by oxide/hydroxides become more negatively charged with increasing pH, so that surface hydroxy groups which lose protons are, thus, able to adsorb the metal ions more readily from solution. The effect of pH on the sorption properties of the mixed oxide is shown in Figure 7 and Tables 1 and 2. The data shown in Figure 7 reveal that the effect of pH was more pronounced for the sorption of Zn 2+ ions rather than Ni 2+ ions, with the sorption of Zn 2+ ions increasing from 2.06 × 10 -4 to 6.05 × 10 -4 mol/g while Ni 2+ ion adsorption increased from 0.93 × 10 -4 to 5.52 × 10 -4 mol/g when the initial pH of the solution was varied from 4.0 to 9.0. The relatively greater sorption of Zn 2+ ions, which exhibit a low pH for hydrolysis (6.40) relative to Ni 2+ ions (7.70), points towards the role played by hydrolysis in determining the mechanism of adsorption of metal cations by the mixed oxide. This behaviour is similar to one reported in the literature for various oxides and hydroxides (Mustafa et al. 1993b ). The changes in pH accompanying the sorption process are listed in Tables 1 and 2. They show that an increase in the pH value of the suspension was observed in the pH range 3.0-7.0, indicating competition between the metal ions and the proton for the surface. This demonstrates that adsorption of H + ions by the FeOH groups at the surface leading to the formation of FeOH + 2 occurs before adsorption of metal cations by both the FeOH and SiOH hydroxy groups on the surface. However, above a value of 7.0, the pH of the solution decreased with increasing metal cation sorption indicating that at such pH values both SiOH and FeOH surface groups are now involved in adsorption of the divalent metal cations.
From the foregoing discussion, the following reactions can be suggested as occurring at the surface of the mixed oxide: The selectivity of the mixed oxide towards the metal ions studied was found to follow the order Cd 2+ Zn 2+ Ni 2+ > Ca 2+ > Mg 2+ (Figure 8 ). It is interesting to compare the selectivity of the mixed oxide with those of its components, SiO 2 and Fe(OH) 3 , as given in Figures 9 and 10 . It can be seen from Figure 8 that the mixed oxide was highly selective towards Cd 2+ ions relative to Zn 2+ and Ni 2+ ions, whereas the affinity of its components SiO 2 and Fe(OH) 3 towards the Cd 2+ ion was the least in the series, i.e. Ni 2+ > Zn 2+ > Cd 2+ for Fe(OH) 3 and Zn 2+ > Ni 2+ > Cd 2+ for SiO 2 (Figures 9 and 10) . The change in selectivity sequence observed even for the same experimental conditions demonstrates the difference in the surface properties of the mixed oxide relative to those of its components. The adsorption of dissolved silicates from SiO 2 may cause both enhanced adsorption of the metal cations and the change in the selectivity order as suggested by Anderson and Benjamin (1985) . Similar strong Cd 2+ ion adsorption by the mixed oxide (SiO 2 /Al 2 O 3 ) was observed by Meng and Letterman (1991) which they correlated to the presence of specific Cd 2+ ion-binding sites.
Information about the relationship between the numbers of protons released per metal ion sorbed can be obtained from linear plots of log K d versus pH according to the well-known Kurbatov equation, which may be written in the form:
log D = C + npH eq (7) where D (l/g) represents the distribution coefficient, C is a constant, and the slopes 'n' of the lines give an indication of the H + /M z+ stoichiometry of the ion-exchange reaction. The corresponding plots for the Zn 2+ and Ni 2+ ion sorption on the mixed oxide are given in Figure 11 , where the slopes of the lines (which provide information about the stoichiometry of the adsorption reaction) were 0.88 and 1.01 for the sorption of Zn 2+ and Ni 2+ ions, respectively. Since the values of n are close to unity for the divalent metal ions, this indicates a 1:1 exchange reaction, i.e. a single H + ion was released per MOH + ion sorbed. This suggests that the metal hydroxo complexes (e.g. MOH + ) were adsorbed to an appreciably greater extent on the mixed oxide than the free metal cations (M 2+ ). Thus, it may be assumed that the sorption reaction occurred according to reactions (4)-(6).
The Langmuir equation is generally used to illustrate the relationship between the amounts of metal ions sorbed by the exchanger and their equilibrium concentrations in solution. The linear plots shown in the Figures 12 and 13 show that the data obtained for Ni 2+ and Cd 2+ ion adsorption in this study obeyed the Langmuir equation written in the form:
where C e is the equilibrium concentration of metal ions in the solution, X is the amount of metal ion sorbed per unit weight of the adsorbent, K b is the binding constant and X m is the maximum sorption capacity of the exchanger. The values of the sorption maxima (X m ) and binding energy constants (K b ) compiled from the straight lines are listed in Tables 3 and 4 . The values of both the sorption maxima and binding energy constants for the mixed oxide increased with increasing temperature, suggesting that sorption was favoured by an increase in the temperature of the system. The order of the K b values for the (Anderson and Benjamin 1985) . This shows that the interaction of metal ions with the mixed oxide surface was much stronger than with its individual components. Similar results for Cd 2+ ion binding have been found by many researchers in studies of the sorption of metal ions on various oxide/ hydroxides (Meng and Letterman 1991) .
Thermodynamic parameters
Values of the apparent thermodynamic parameters DH and DS were obtained for the sorption process by plotting log K b versus l/T according to the well-known equation:
Such plots are depicted in Figure 14 . The values of DH for all the metal ions were positive, showing that the overall process of metal ion sorption was endothermic in nature ( Table 5 ). The enthalpy changes may be the net result of several processes, i.e. an endothermic contribution from bond dissociation, an exothermic contribution from bond formation and changes associated with the solvation of leaving and adsorbing ions. Since the metal ions are hydrated in aqueous solution, the endothermic nature of the process probably arises from the fact that energy was required to strip greater numbers of water molecules from them before their adsorption by the solid. This mechanism for the sorption of metal ions is also supported by the positive values of DS (Table 5) , which show that the metal cations were less hydrated when adsorbed than in the aqueous solution. Similar positive values for both DS and DH for various oxides and hydroxides have also been observed by a number of other authors (Schindler 1981; Mustafa et al. 1988 Mustafa et al. , 1993a . The data depicted in Figure 15 demonstrate that the phenomenon of enthalpy/entropy compensation, which is well known for ion-exchange sorption, was also observed in the present studies.
